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Abstract 
Laser machining is a thermal process with a relatively low energy efficiency, since the material removal mechanism 
is mostly based either on melting or on vaporization. The laser machining energy efficiency is investigated under two 
different analyses boundaries: one considering the entire laser system, and the other including only the workpiece – 
laser beam interaction. For the case of the workpiece – laser beam interaction problem, the laser-drilling process has 
been selected as the most typical application. The conclusion of both the analysis and the discussion comprise some 
practical aspects and recommendations for the energy efficient use of laser based processes. 
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1. Introduction 
The manufacturing community is more and more concerned with the energy consumption, required for 
the production of new products, both due to the constantly increasing cost of energy and more 
significantly, due to the ecological burden related to the energy production and use. Energy efficiency has 
become top priority of international and national policies. The large use of energy in industrial operations 
is responsible for the significant CO2 emissions and thus, climatic changes [1]. In EU-27, the industrial 
sector energy use for the years 2004 – 2005, was 324 MTOE (Million Tonnes of Oil Equivalent), which 
was 28 % of the total energy use [1]. However, studies indicate than an amount of 20-40% of the energy 
used in industry is of no added value [2]. The International Energy Agency (IEA) has highlighted the 
need for energy efficiency measures, in order to achieve a two-thirds reduction in the energy intensity of 
the global economy by 2050 [3]. Under this prism, all manufacturing processes have to be assessed in 
terms of their energy efficiency. 
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Various definitions of energy efficiency appear in literature [4], [5]. Unfortunately, these definitions 
maybe rather misleading. Unander [6] describes how aggregate data indicate that the energy efficiency of 
manufacturing in 10 IEA countries increased during a certain period, but that decomposition of the data 
revealed that this was due to a structural shift to less energy-intensive branches rather than to an actual 
improvement of energy efficiency. Thus, it is obvious that more generic and process oriented definitions 
are required in order for the energy efficiency to be better quantified. 
Since the production systems are typically complex, any direct energy measurements prove unfeasible. 
Therefore, simulation techniques and models offer an alternative for the evaluation of the energy efficient 
performance [7] [4]. Although a lot of energy efficiency research papers have been presented during the 
last few years, most of them approach the problem at a production or even factory level. Thiede et al. [8] 
studied and developed a method for the improvement of the energy and resource efficiency in 
manufacturing companies, based on the energy estimations of machine tools. . Herrmann [9] presented an 
energy oriented simulation model for the planning of manufacturing systems. Seow et al. [10] introduced 
a modeling framework for the total energy required for the manufacturing of  a unit product. A number of 
publications are based on discrete event simulation for the assessment of a manufacturing system or a 
factory’s energy efficiency. Indicatively, Duflou et al. [11] compared methods for the estimation of the 
energy input of such simulation approach. Fysikopoulos et al. [12] investigated the energy aspects of an 
automotive assembly line, whereas Nils et al. [13] improved the energy efficiency of a factory. However, 
most of these studies make general assumptions for the average energy consumption of each machine tool 
and provide data that cannot assist towards using the machine tools in a more energy efficient way. 
On the other hand, with the increasing demand for machine tools, new challenges in terms of energy 
efficiency are arising for machine tool builders as well. Few studies exist for the energy efficiency on 
conventional machine tools. Li et al. [14] presented an eco-efficiency approach to evaluate energy 
consumption as well as resource efficiency of manufacturing processes. An empirical approach has 
already been developed by the authors to derive the relationship between energy consumptions and 
process parameters by focusing on grinding. Mativenga et al. [15] optimized the cutting conditions, 
during turning, in order to minimize energy consumption by using the specific energy as a benchmarking 
tool.  
Laser based processes [16] are characterized by low energy efficiency. The removal mechanism occurs 
by melting, and in most cases, by vaporization. Since this phase change of the material occurs on an 
atom-by-atom basis, laser processing requires high-energy inputs. Dahmen et al. [17] compared the 
ecological footprint of laser beam welding with other welding techniques and arrived at the conclusion 
that lasers can contribute to sustainable manufacturing due to the limited use of consumables, the 
localized heat input at low energies, the savings of energy and costs for heat treatment as well asthrough 
the use of hybrid techniques. Employing more energy efficient laser sources such as fiber or disc lasers 
could also be considered as an alternative energy efficient approach. Kaierle et al. [18] reached at similar 
conclusions. Eisenbeis et al. [19] and Loktionov et al. [20] focused on femptosecond lasers and concluded 
that through optimized processing parameters, the energy efficiency of the process can be increased. 
Finally, Daud et al. [21] investigated the effect of beam spot geometry on the energy efficiency.  
The laser based processes are difficult to be analytically modeled, while very few models have been 
presented on the energy efficiency of laser machining processes. Wang [22] has presented very rough 
estimations of the energy efficiency with respect to the various process parameters for CO2 laser cutting 
of metallic coated sheets steels. Guidelines have been extracted for the materials examined, focusing 
more on the quality rather than on the energy efficiency of the processes. Thawari et al. [23] investigated 
the interaction of pulsing energy as a function of different laser parameters for Nd:YAG laser cutting by 
having focused on achieving better cutting quality. Coelcho et al. [24] studied the laser welding of 
plastics and presented the results about the specific energy required. Fysikopoulos et al. [25] introduced a 
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simplified energy efficiency indicator for the case of laser drilling and welding. It can be concluded that 
literature lacks in studies dealing with the energy efficiency of laser based processes. However, the 
optimization of process parameter settings allows for the reduction of energy consumption [26]. The 
present paper will deal with the experimental investigation of the laser drilling process so as to gain 
insight on the optimum processing parameters, in terms of energy efficiency. 
2. Energy Efficiency Definition 
The definition of a coefficient capable of assessing the energy efficiency largely depends on the 
boundaries of the system to be considered. In order to have a complete view of the energy efficiency and 
furthermore, for any alternative processes to be compared, two separate boundary systems will be 
defined, each one with its own indicator. The boundaries of the two systems are presented schematically 
in Fig. 1. 
2.1. Laser system energy efficiency indicator (System 1) 
As system 1, is considered the entire laser machine (including the laser source, the laser beam delivery 
system, the positioning system, the cooling system, etc.), which is quite complex, and can be reliably 
assessed only by experimental measurements (Fig. 1). For this system, the energy efficiency is defined as 
the output power that is recorded from the first output mirror of the resonator to the measured power from 
the power line (eq.1). 
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Fig. 1. Analysis boundaries and for energy consumption and measurement points 
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2.2. Laser process energy efficiency indicator (System 2) 
System 2, on the other hand, includes the delivery system and the interaction between the laser beam 
and the material (Fig. 1), in order for the energy efficiency of the process itself to be assessed. The energy 
efficiency of system 2 can be defined with regard to the material volume removed (laser drilling, cutting, 
grooving) or melted (welding) (eq.2). 
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E
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
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where E, is the energy consumed for the processing of a specific amount of material volume V and P is 
the laser power (energy output measuring point see Fig. 1). In this paper, the case of laser drilling will be 
used, so V  is the material volume rate removed. 
3. Results and Discussion 
The laser subsystems that are experimentally investigated include the following: 
• Laser source: Its efficiency, expressed as the ratio of the delivered laser power to the electrical energy 
consumed during the generation of the laser beam.  
• Positioning system: It generates the relative motion between the laser beam and the work piece. 
Typically, the system’s architecture is similar to that of other CNC machine tools, composed by 
structural elements, guide ways, kinematic chains, motors, and controls. 
• Cooling system: It is used for cooling the laser resonator and the mirrors of the delivery systems. 
In the present study, a 1.8 kW CO2 laser cutting system is used for the laser drilling of ST37 mild steel. 
Drills are performed on 10mm metal plates, with the use of nitrogen, as assist gas and a 5 in. focal length 
having a minimum spot size of approximately 0.15 mm in diameter. For each set of measurements, three 
specimens were drilled in order for the repeatability of the results to be tested. The energy consumption 
during processing was measured by using the Mavowatt 50 Power-meter.  
At first, several energy measurements are acquired in order for the energy consumption of the laser 
machine peripherals to be recorded (Fig. 2). The necessity for the measuring of these subsystems arises ,  
from the fact that machine peripherals can often dominate energy demands [28]. The total energy 
requirement for the “always on” subsystems was measured to almost 11.5 kW (Fig. 2a). It is notable that 
out of this consumption; only 63% was used for the actual generation of the laser beam. On the other 
hand, there are subsystems that are not used all the time, but when they are activated require a significant 
amount of energy (Fig. 2b). Fig. 3, depicts an overview of the energy consumption for the examined laser 
machine. In this case, the maximum energy requirement for the actual machining is only 5.7% of the 
total. Other processes (e.g milling) exhibit the same behavior as that presented by Gutowski et al. [28].  
In general, a significant amount of energy is required to start-up and to retain the equipment in a 
“stand-by” position. Once in the “stand-by” mode, there is an additional energy requirement, which 
depends on the current machining needs. Gutowski et al. [28] stated that new processes, such as lasers, 
which often operate in the vapor phase, have much smaller throughputs in terms of the unit of material 
operated on in a unit of time. This observation comes in agreement with the results depicted in Fig. 3. 
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Fig. 2. (a) always on subsystems; (b) “periodically on” subsystems & their power consumption 
Fig. 3. Energy used as a function of material removal rate for a laser machine 
3.1. Laser System efficiency (System 1) 
The energy efficiency of the laser system (system 1) is presented in Fig. 4. With reference to laser 
power, the energy efficiency factor is increased when the laser power is increased (Fig. 4a). On the other 
hand, the results acquired from different laser pulsing frequencies (Fig. 4b) have shown a tendency of the 
energy efficiency factor to have lower energy efficiency at higher pulsing frequencies. This is expected 
since higher input power results in more complete population inversion in the time between the pulses. 
Similarly, the higher pulsing frequencies limit the time interval between pulses, thus resulting in a more 
incomplete population inversion [16] [27]. As a crosscheck, the measurements, taken in our experiment 
(Fig. 4), coincide with the typical values of the CO2 laser that ranges from 6 to 8% [27]. 
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Fig. 4. Energy efficiency (Eef1) as a function of (a) laser power and (b) pulsing frequency (LP 500W) 
3.2. Laser process efficiency (System 2) 
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Fig. 5. Energy efficiency (Eef) as a function of (a) laser power and (b) pulsing frequency (LP 500W) 
In terms of laser power, the energy efficiency factor is increased when the laser power is increased 
(Fig. 5a). During higher laser power values, the heating time is minimized, given that more energy enters 
the processing area and the impact on the workpiece is more intense [27]. The energy delivered per pulse 
is greater and thus, not enough time is given to the workpiece surface to cool during the laser “off” time 
[16]. Therefore, the volume of the removed material is larger. 
However, this will be true only for the low laser processing power that this paper elaborates (100-
1000W). This conclusion arises because no plasma is generated during the experiments presented. In 
general, the multiphotonic and thermionic emission process, both responsible for the primary electron 
generation from the irradiated metal target, would theoretically cause a vapour or an assistance gas 
breakdown, above 108 W cm-2 laser power density [29]. However, the maximum incident energy that 
takes place in this paper is 107 W cm-2, which is way less than the theoretical limit.  
The effect of plasma can be ignored if the laser pulse-on time is much shorter than the laser pulse-off 
time considering that the plasma can be extinguished between pulses [30]. Even for 10.000 Hz, which is 
the maximum used laser pulsing frequency in thisstudy, the laser pulse-on time (fixed pulse duration), 
which is 10ȝs, is much shorter than the laser pulse-off time, which is 90ȝs.  
When plasma is generated, the energy provided by the machine is consumed not for processing 
purposes but for the plasma conservation. As a result, the material removal rate will be decreased. Based 
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on that, at higher laser powers, it is expected that the energy efficiency willhit a maximum value and then 
will start decreasing until very inefficient states have been achieved. Furthermore, as indicated in [31], a 
threshold power density value seems to exist that when exceeded, the energy balance seems to reach a 
dynamic equilibrium and the drill depth remains constant. The laser beam is “on” but it does not result in 
additional material removal. This is evident in Fig. 5a, because as the power increases the increasing rate 
of the energy efficiency starts dropping. 
Plasma generation can be prevented by using lower pulsing frequencies [30]. Taking all the above into 
consideration, the plasma formation problem can be countered for by the identification of a critical 
pulsing frequency for each laser power, which can lead to greater energy efficiency values for higher laser 
powers. The pulsing frequency does not have the same effects on both systems. The laser pulsing 
frequency greatly affects the energy efficiency of system 2. Fig. 5b shows that the energy efficiency is 
increased for higher pulsing frequencies. An increase in the pulsing frequency (for the specific case of 
constant pulse duration) results in less laser-“off” time. Thus, the cooling time decreases and much more 
energy enters the workpiece [27] [32] resulting in the removal of more material. 
4. Conclusions 
The main results of this study are the identification of the process parameters window with the most 
energy efficient performance and the introduction of processing strategies for low laser power (100-
1000W) drilling processes. Higher laser power results in improved energy efficiency.  The higher pulsing 
frequency improves the energy efficiency. The operation of laser generation demands higher amounts of 
energy. However, in order for the machine’s overall energy efficiency to be analyzed, indirect effects, 
such as the beam focusing quality, the positioning system efficiency and the requested time for setting up 
the laser beam, should also be taken into account. 
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